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ABSTRACT
In recent years, the use of improvised explosive devices (IED’s) has been
the preferred method for terrorist attacks because of their practical development
from available resources. From the “Shoe Bomber” attack back in 2001, to the
most recent attacks in Paris, IED’s have been a vehicle for explosive delivery and
of the utmost concern for organizations such as the Department of Homeland
Security. Conventional methods for the detection of explosives have resorted to
either canines, also known as “drug-sniffing” dogs, or the use of ion-mobility
spectrometry. While such methods have proven some success in the field in the
past, they are invasive, costly, or most importantly non-continuous. With this in
mind, a continuous system for the detection of explosives at trace levels has been
developed here at the University of Rhode Island.
Recent improvements in the electronic trace detection system have
included the use of pre-concentration in addition to the dynamic sensing
mechanism. This allows for a controlled and highly concentrated burst of analyte
to be delivered to the thermodynamic sensor. With the ultimate goal to fabricate a
MEM’s based device, a reduction in thermal mass without sacrificing signal
response is imperative.
To combat the reduction in thermal mass, metal oxide nanowires have
been developed to create a library of catalysts that can be used to specifically
target explosive molecules. Metal oxide nanowires increase viable sensor surface
area by orders of magnitude, which is necessary for the transition to a MEMS
based device. Not only has the surface area been increased, but the minimum

detection limits for explosives such as 2, 6-DNT have been demonstrated to be
improved down to the ppb and ppt levels.
Finally, a portable testing setup has been developed which will allow for
field-testing and generation of real-time results. By reducing the sensor footprint
and reconfiguring the apparatus so that it fits into a carrying case, we will be able
to test for explosives in a number of different environments.
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CHAPTER 1

INTRODUCTION

In recent years, the use of improvised explosive devices (IEDs) has been
the preferred method by terrorists to carry out deadly attacks on civilians.
Beginning as far back as 1993 with the truck bombings in New York city, and as
recently as the Paris bombings in 2015, IEDs are becoming more relevant in that
they can be devised from readily available materials, instill great fear in the
travelling public, and ultimately cause great damage if not disarmed. Not only
that, but innocent civilians are not the only targets of such an attack [1]. IEDs are
used across the world in Afghanistan and Iraq as a means to defend against
soldiers. As of 2013, more than 60% of all combat casualties from conflict in Iraq
and Afghanistan were the result of IEDs [1]. That percentage results in nearly
3,200 killed and 33,000 wounded. In other various parts of the world, an average
of 700 explosions per month are the result of an improvised explosive attack [2].
As these numbers continue to rise, and public becomes increasingly fearful, the
need for a successful system for the detection of explosives is paramount.
While conventional methods for explosive detection, such as ion mobility
spectrometry (IMS) or canines have merit in the field of explosive detection, they
are hindered in some areas. On the one hand, IMS method requires a cotton swab
of a person’s clothing or luggage in order to test for explosives. This can become
cumbersome for busy travelers. On the latter end, canines, although the gold
1

standard for explosive detection, are not a continuous system in that they require
periods of rest and possess a high sense of smell for limited years of their life.
This being said, a robust detection system that can continuously monitor the air
for these energetic compounds is necessary.
Over the past eight years, at the University of Rhode Island, an orthogonal
sensor for the detection of explosives has been developed in an attempt to address
this issue. The sensor would be comprised of both a conductometric and a
thermodynamic element in an attempt to distinguish whether or not a given
analyte is present in the vapor phase. By using what is considered to be an
orthogonal platform, the sensor would have the ability to mitigate false positives
by creating a unique signature for each explosive analyte [3]. Recently, the sensor
has been able to detect high energy materials such as TATP in the parts per
million range, but in order to move towards commercialization, lower detection
limits for explosives needs to be achieved [3].
Thus, the primary goal of this research was to make key improvements to
the thermodynamic sensor to achieve lower detection limits associated with
energetic materials as well as create a portable testing system. This was achieved
by developing a high surface area catalyst that would not only lower detection
limits, but also contribute towards the transition to a Micro-Electro-Mechanical
System (MEMS). The transition to a MEMS platform requires a major reduction
in thermal mass without sacrificing catalytic interactions, which are necessary for
detection. Metal oxide nanowire catalysts were developed to combat such a
reduction in thermal mass. Zinc oxide, Copper oxide, and Iron oxide nanowires
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were fabricated and characterized using SEM, XRD, and XPS. Nanowire catalysts
proved to provide not only additional viable surface area, but also to decrease
detection limits for compounds such as 2, 6-DNT and TATP to the parts per
billion level.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction to Explosives
As a working definition, explosives, can be defined as substances, which
on initiation by friction, impact, shock, spark, flame, heating, or any simple
application of an energy pulse, results in a rapid chemical reaction that releases
heat, exerting an outward pressure on its surrounding[1]. There are a number of
these compounds, also referred to as energetic materials, which exhibit varying
degrees of danger based upon their chemical structures.
2.1.1 Review of Common Explosives
Since the focus of this research is on explosive detection, a review of the
most common explosives is warranted, and most notably those used in the
construction of IEDs. Generally speaking, explosives usually have chemical
structures that include a carbon based backbone with either nitrogen-nitrogen
bonds or nitrogen-oxygen bonds attached, which are considered oxidizing groups
[1]. Upon an explosion, an internal redox reaction occurs that releases a gaseous
product (either N2 or CO2) [1]. Concurrently, all of the original non-bonding
electrons in the structure form stable pi-bonds.
One way that these explosives can be characterized, in terms of severity, is
by how quickly and under what conditions these chemicals detonate. Using these
guidelines, explosives can either be considered low explosives or high explosives.
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“Low explosives, which are also known as propellants, while still containing the
oxygen needed for their combustion, are at most combustible materials which
undergo deflagration by a mechanism of surface burning” [1]. These low energy
explosives, which include gunpowder, smokeless powder and gun propellants,
have the ability to detonate under confined conditions resulting from the pressure
build up when undergoing chemical reactions. On the other hand, high explosives
undergo the physical phenomenon of detonation because of their rapid chemical
reactions [1]. As these chemical reactions go to completion, a high-pressure shock
wave moves though the explosive. High explosives such as TNT, NG, RDX,
HMX are defined by their velocity rates of detonation, which can range from
5500-9500 m/s, with the latter being the most destructive.
Energetic compounds can also be classified based on their sensitivity.
Depending on a terrorist’s plan of attack, they may not want to use a compound
that is highly sensitive to outside stimuli, especially if they are attempting to
transport the material. On the other hand, depending on their plan of attack, a
terrorist may desire an explosion upon the slightest of interaction with the IED.
Such compounds are referred to as secondary and primary explosives
respectively. Primary explosives, which are also known as initiators, are utilized
to detonate other explosives because of their relatively unstable nature when
exposed to outside stimuli. They allow a user to detonate a larger explosion when
necessary. These larger explosions are the result of secondary explosives.
Contrary to the primary explosives, secondary explosives violently react with
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significant outside stimuli, usually the result of a shock or a high energy pulse
from an initiator.
2.1.2 Explosive Compounds used in IEDs
As mentioned previously, IED refers to improvised explosive devices, and
the fact that they are “improvised” means that they are being constructed from
readily available materials. Some of the most commonly used chemicals in the
development of IEDs include, but are not limited to, TNT, RDX, HMX, PETN,
AN, and TATP, with a few of them discussed in the following sections.
TNT (trinitrotoluene) is one of the most widely used explosives in IEDs
and is viewed as the standard for explosive compounds (figure 2.1).

Figure 2.1 Structure of TNT

As a result of its relatively stable structure upon small impact, it has been used in
military combat by being poured inside of certain bullet shells. The attractive
feature of TNT is that its melting temperature (80C) is much lower than its
detonation temperature. This allows the explosive to not only be mixed with
additional chemicals, but also to be transported easily since it requires an
energetic pulse to cause rapid oxidation. Rapid internal oxidation from the
7

numerous oxygen groups are what cause this chemical to be so deadly. In
addition, nitrogen can form triple bonds during the oxidation process which also
contains a high amount of energy that is released upon high impact. For
experimental purposes, 2, 6 DNT (dinitrotoluene) shown in figure 2.2, was used
to emulate TNT.

Figure 2.2 Structure of 2, 6 DNT

2, 6 DNT is similar to TNT with the exception of one fewer nitrogen dioxide
group attached to the benzene ring. Having less nitrogen dioxide groups, 2, 6
DNT is slightly easier to work with in an experimental setting since the amount of
internal oxidation is less severe than that of TNT. Because it is so similar in
structure to TNT, 2, 6 DNT is a good measure for how successful the sensing
device is.
Another nitrogen based explosive that is commonly used in IEDs is
ammonium nitrate (figure 2.3).
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Figure 2.3 Structure of Ammonium Nitrate

Similar to that of both DNT and TNT, N-O bonds are realized which causes the
chemical to be a strong oxidizer. It is commonly found in fertilizers which makes
it an ideal candidate for use in IEDs. It is one of the main components of ANFO
(ammonium nitrate fuel oil) and is used in combination with a booster (sticks of
dynamite) that allow the explosive to fully release its energy and continue its
detonation wave. Although it may be slightly more difficult to use than TNT
because of hydrophilicity, its easy attainment makes it a highly touted chemical
for terrorist attacks.
There are also those energetic materials that are non-nitrogen containing,
one being TATP (tri-acetone-tri-peroxide) shown in figure 2.4.

Figure 2.4 Structure of triacetone-triperoxide (TATP)
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Although TATP does not contain any nitrogen groups which form highly
energetic bonds, it does contain many oxygen atoms making it a strong oxidizing
agent. Since it only requires a simple reaction between hydrogen peroxide (H2O2)
and acetone (C3H6O), TATP has been used in many recent IEDs, most notably in
the Paris 2015 attacks. It has also gained great publicity because it does not
contain those nitrogen groups that most of severe explosives contain. Since most
of the original detectors were developed with nitrogen-based explosives in mind,
chemicals such as TATP were going undetected. Having the correct measures in
place to scan for all of these various compounds is of the utmost important to
prevent these attacks.
2.2 Explosive Detection Techniques
Explosive detection can be characterized in two different ways; (figure
2.5) bulk and trace detection. Bulk detection is the detection of the actual
explosive, whereas trace detection detects either small particulates or vapors of
the explosive material.

Figure 2.5 Flow chart for explosive detection
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As this research focuses on trace detection systems, a brief overview of bulk
detection is warranted to provide a full picture.
2.2.1 Bulk Detection Technologies
There are a number of different technologies for bulk explosives detection
including X-rays, CT Scans, and Backscatter electron imaging. Each method has
its merits for preventing terrorist attacks by taking advantage of certain
characteristics of typical compounds.
X-ray machines (figure 2.6) take advantage of chemical responses when
exposed to X-rays. These responses can be in the form of either absorption,
desorption, or scattering of rays.

Figure 2.6 Commercially available X-ray system for bulk detection (left) with a potentially
dangerous IED outlined in red using X-ray technology (right)1

Based on the absorption, transmission or scattering of such rays, object outlines
are distinguishable which would alarm the user of a potentially hazardous IED.
Although X-rays are powerful tools for viewing luggage from the outside,

1

Photo furnished by L3 Communications Security and Detection Systems
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sometimes objects do not interact with X-rays and thus do not appear when
screening takes place. In addition, X-ray machines do not have the ability to
determine the thickness of an object and so the atomic number of a given
substance becomes nearly impossible to determine.
Alternatively, CT Scans (figure 2.7) provide a much more in depth
analysis of potential threats that are hidden inside baggage.

Figure 2.7 CT Scan showing the image of a piece of luggage (above) with the various crosssectional images taken (below) and a potential threat highlighted in red2

In CT Scans, multiple two dimensional cross-section images are taken and used to
construct a three dimensional image of scanned objects. This allows the user to
gain a sense of depth of the objects within the bag. It is one of the top
technologies out there, but unfortunately it is very costly at about $500,000
dollars and requires long amounts of time to construct such useful images.

2

Photo furnished by InVision Technologies
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Lastly, backscatter imaging is another commonly used method for the
detection of bulk level explosives (Figure 2.8). In this method, contrast within
images allows the user to determine what types of objects are within the luggage.

Figure 2.8 Backscatter image (left) of a suitcase with four potential threats identified while hidden
within a radio which was not identified by the transmission x-rays (right)3

Backscatter technology relies on differences in atomic numbers in order to
identify potential threats. Those chemicals with high atomic numbers will appear
brighter in the image, while those with lower atomic numbers will appear darker.
This theory can lead to certain images being masked by high atomic number
materials and thus multiple scans would need to be done in order to know what
was concealed.
2.2.2 Trace Detection Technology
While there are some highly advanced technologies for bulk explosive
detection out there on the market, there are other technologies out there to scan
for those terrorists that have created and hidden IEDs without carrying them. In
this case, one would look for any remnants of the explosive such as small

3

Photo furnished by AS&E
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particulates or vapor phase molecules. This type of detection is referred to as a
trace detection system, and is the basis for gas sensor technology at the University
of Rhode Island.
Let’s first explore the various types of particulate detection techniques.
Again, particulate detection refers to microscopic particles of the solid explosive
material which adhered to either the surface of the user’s hands or clothing when
constructing and coming into contact with an IED. As a result of easy
contamination when developing IEDs, particulate detection techniques such as
GC/MS, chemical reagent based, and most notably ion-mobility spectrometry
(IMS) are used for monitoring high traffic areas such as jetways.
Arguably, the most accurate particulate detection system is that provided
by GC/MS (figure 2.9). This method requires the sample to be placed into a GC
(gas chromatography) instrument for initial analysis.

Figure 2.9 Portable GC/MS detection system used for particulate detection4

The sample is carried through the packed column using a carrier gas at
temperature. The sample is separated into its individual components based on its
4

Photos furnished by: Constellation Technology Corporation
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interaction within the column. The time that it takes for each individual
component to move through the column and reach the detector is known as the
retention time. These retention times are seen on a chromatograph where they can
be compared with a standard explosive in order to determine whether or not there
is an explosive present in the sample. In the event that the retention time of an
explosive overlaps with a neighboring peak, MS (mass spectrometry) can be used
to confirm the results. In MS, the chemical compound is ionized into small
fragments. Based on these fragments and mass to charge ratios, the user can
determine the atomic mass of the chemical in question. Although GC/MS is an
effective method, such portable systems are costly and detection times can be
lengthy, which hinders its ability for real-time monitoring.
On a relatively less expensive scale, chemical reagent based detection
methods are also employed for particulate detection. In chemical reagent based
methods, the user swipes a person’s clothing or luggage, and applies a solution to
the sample cloth. A positive response relies on a color change between the
solution and the chemical in the sample. Although this method is much less
expensive to implement compared to GC/MS, there are obvious drawbacks that
include color discrepancy. It is solely based on the user’s perception of color to
determine whether or not an explosive is present. This being said, there can be
user variation from time to time. In attempting to stop terrorist attacks, one would
hope that a positive result would be better defined.
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An additional particulate detection method, which is probably the most
widely used detection method today, is IMS (figure 2.10). Because of its quick
response times, it can be found in nearly every airport across the United States.

Figure 2.10 Components of IMS particulate detection system5

After the sample is collected by swiping a person’s clothing or luggage, it is
placed into the inlet of the IMS where the sample becomes ionized. The ionized
particles then move through the drift region before reaching the detector. The drift
times, which are the times it takes each ionized particle to reach the detector, are
recorded as peaks on a chromatogram, similar to that of GC. These drift peaks are
unique for each chemical and will ultimately be used to determine whether an
energetic material is present. While detection times are quick, the sampling
process becomes invasive by swiping an individual’s clothing. Not only that, but
similar to GC, there may be instances where it is tough to differentiate between
peaks on the chromatogram.
If we recall the two types of trace detection, one is particulate detection,
while the other is vapor detection. Vapor detection is the system that the group at

5

Photo credit: Department of Justice Report
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the University of Rhode Island has developed. This type of detection relies solely
on the vapor pressure of the explosives (figure 2.11).

Figure 2.11 Concentration of some common explosives in air at room temperature6

At a given temperature, each of these chemicals vaporizes which creates
a mixture of air and explosive. The concentration of explosive material in the air
is a direct function of its vapor pressure [4]. For the purposes of our research, we
explored an array of energetic materials spanning different vapor pressures. In
comparison to other explosives, TATP has a relatively high vapor pressure, DNT
has a lower vapor pressure and ammonium nitrate has the lowest vapor pressure
of the three. The higher the vapor pressure, the more readily the chemical
evaporates and concentrates the nearby air [4].
As far as vapor phase detection goes, the gold standard is still the use of
canines. With a minimum detection level in the parts per trillion, drug sniffing
canines are used in airports across the country. They not only have the ability to
6

Photo credit: Department of Justice Report
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monitor the air, but they can pin point the region where the explosives were kept
with great accuracy. Even though drug sniffing dogs have the lowest detection
limit for these energetic materials, they pose some major problems that need to be
addressed. The first issue is cost. To train such dogs to become accurate enough to
use for airport monitoring, requires an immense of amount of time and money.
Including the costs of health insurance, and food the total estimate to train one of
these dogs is upwards of $100,000. This being said, the return on these dogs is
even less cost effective because their keen sense of smell only lasts a number of
years. After a few years, a new dog must be trained in order to replace the old
dog. Although they do have the ability to measure at the parts per trillion level,
they can only do this for a number of hours before they need a break and thus
makes them a non-continuous detection method. With such immense gaps in the
top detection systems, a new method is warranted that can continuously monitor
the air at a relatively inexpensive rate, which is the goal of the research at the
University of Rhode Island.
2.2.3 Dr. Otto Gregory SSTP Laboratory Group Accomplishments
Up to this point, great strides in trace explosive detection have been made
by Professor Gregory’s group as part of the center for Sensors and Surface
Technology Partnership (SSTP) at the University of Rhode Island. Multiple
sensing platforms (conductometric and thermodynamic) have been developed to
integrate the metal oxide catalyst for analytes of interest at various concentrations
(figure 2.12). With a focus on vapor phase detection, a sensor was developed that
will continually “sniff” the air, similar to that of a dog, which has the ability to
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closely monitor jetways, train stations, and other high traffic areas for potential
threats posed by terrorists [5].

Figure 2.12 Schematic of the trace detection system employing dynamic control.

The sensing apparatus shown above, employs a “dynamic” testing protocol
whereby one of the gas sensors is fabricated with a catalyst while a second
microheater is used as the “dynamic” control for the purpose of testing. The
dynamic control takes into account the sensible heat effects due to humidity,
particles in the air, etc. By subtracting out signals obtained from the dynamic
control, we can see only those affects due to the analyte of interest (figure 2.13).
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Figure 2.13 Thermodynamic sensor response to TATP from both the catalyst coated sensor (blue)
and the dynamic control (red)

The thermodynamic approach monitors the power changes associated with the
decomposition of vapor phase molecules as they adsorb to the surface of the
catalyst and rapidly decompose. Catalytic decomposition of such energetic
chemicals results in a heat effect that can be measured by our thermodynamic
sensor. It is certainly important to maintain a reference temperature when using
this approach, or any other approach for that matter, considering the various
environmental conditions in which the sensor operates. Again, by subtracting out
the power change resulting from the dynamic control, the power change due to the
decomposition of the analyte is measured.
An additional sensing platform developed at the University of Rhode
Island is referred to as a conductometric sensor. In this platform, electrical
changes in the resistance of the catalyst are measured as a result of analytes
interacting with the catalyst (figure 2.14).
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Figure 2.14 Conductometric response to 2, 6-DNT employing a ZnO catalyst at various
temperatures

The conductivity of the catalyst changes with temperature and an optimal
response is observed at a specific temperature, providing a redundant
measurement that is complimentary to the heat effect measured. In conjunction,
both the conductometric sensor and the thermodynamic sensor can be fabricated
using the same catalyst and thus provides orthogonality to the measurement. By
acquiring two independent signals from a single exposure, a unique signature for
each explosive compound will be realized. It will enable us to determine if there
is a potential threat, what type of threat and at what concentration the threat is
present.
2.2.4 Thermodynamic Sensing Improvements
Canines have the ability to detect energetic materials at the parts per
trillion level, and are the gold standard in detection. Thus we continue to move
towards lowering detection limits that could compete with a dog’s nose. The
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minimum detection limit is the concentration of analyte measured as a sensor
response relative to the noise flow. One approach used to improve the
thermodynamic sensor is the use of pre-concentration (figure 2.15).

Figure 2.15 Schematic of pre-concentration test bed for thermodynamic sensing applications

The test bed is the same as the dynamic approach with the exception of a preconcentrator microheater placed upstream from the gas sensor and dynamic
control. The pre-concentrator (heater) is coated with a polymer that is tailored to
concentrate vapor phase explosive molecules. After certain adsorption time, the
pre-concentrator is heated, allowing for desorption of these explosive molecules.
This mechanism allows for a highly concentrated burst of analyte to be delivered
to the sensors all at once, thus increasing the signal for a given vapor phase
concentration. It is imperative to the design to fabricate the pre-concentrator with
a polymer that possess both adsorption and desorption properties (table 2.1).
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Table 2.1 Properties of polymer candidates for pre-concentrator applications

Most polymers possess only one of these characteristics. Not only that, but they
need to bind to our target analytes and so specificity becomes key in choosing a
correct polymer. Looking at table 2.1, at times there is a major discrepancy
between the amounts of analyte adsorbed and desorbed. For our purposes,
polystyrene was selected as the ideal candidate for pre-concentrator applications
and was doctor-bladed onto the additional microheater upstream as shown in
figure 2.15. Polystyrene not only showed specificity towards nitrogen based
explosives, but the quantity that was adsorbed on the surface was promising as
well. When detecting such low levels of energetic materials, it was very important
that the sensor collect as many molecules as possible and so polystyrene was
down-selected as the polymer of choice. A number of tests were completed using
the pre-concentrator mechanism with conclusive results (figure 2.16).
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Figure 2.16 Preconcentrator duty cycle beginning with the introduction of 2, 6-DNT vapor to the
preconcetrator (1), followed by preconcentrator thermal desorption of DNT (2), and lastly the
preconcentrator is turned off while reference gas is reintroduced to the system (3)

The detection improvement when using pre-concentration can easily be identified
when comparing sensor responses. In figure 2.17, a peak in the data can be seen at
step two after thermal desorption of 2, 6-DNT. This peak represents the response
due to the concentrated burst of analyte that is sent directly to the sensor for
detection purposes. Based on the power differences observed in the data, there
was nearly a 50% increase in signal response when employing the preconcentrator upstream and thus further improved minimum detection limits.
The most recent improvement in the detection system and the focus of this
research has been the fabrication of metal oxide nanowires. Since a MEMS based
device (figure 2.17) has been in the developmental stages for quite some time
now, it is necessary to develop a sensor design that increases the surface area
without adding area to the sensor footprint [6].
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Figure 2.17 Schematic diagram of the MEMS based platform for chemical sensing

The MEMS based device is not only smaller in size than the current solid state
device, but it is also fabricated with 4 sensors to form a sensing platform with
built in redundancy. With such a reduction in size, it is necessary to increase the
surface area of the catalyst by orders of magnitude to make the transition.
A number of metal oxide nanowires have been investigated for chemical
sensing purposes. Specifically, zinc oxide, copper oxide and iron oxide have been
directly fabricated on our solid state thermodynamic sensor and have been tuned
for targeting threat molecules. They have been fabricated using a combination of
sputter deposition techniques followed by hydrothermal reactions or direct
oxidation, and then characterized by SEM, XRD and XPS. Ultimately, they will
enable lower detection limits and greater specificity towards potential threats.
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CHAPTER 3

METHODOLOGY

3.1 Thermodynamic Gas Sensor

Figure 3.1 Schematic of the various layers comprising the thermodynamic sensor. The alumina
ceramic substrate (A), Ni microheater (B), aluminum oxide passivation layer (C) and the metal
oxide catalyst (D)

The solid state sensor developed at the University of Rhode Island is comprised of
multiple layers of thin film materials as shown in figure 3.1. The substrate of the
sensor is a lapped alumina (99.6% purity) manufactured by PM Industries. It is
pre-scribed on either side so that each sensor can be separated with ease. The
scribe also ensures correct alignment for masking steps in photolithography. The
alumina substrate was chosen because of its ability to withstand the working
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temperatures necessary for the catalytic decomposition of the energetic materials
without cracking.
3.1.1 Nickel Microheater Patterning
To create the Ni microheaters used for the dynamic control approach, a
number of lithography steps are repeated to form the final device. The alumina
substrate is RCA cleaned; i.e. the substrate is cleaned with acetone (99% pure),
then methanol (99%) and lastly deionized water to rid the surface of any
particulates. A negative photoresist solid film is then applied to the surface of the
alumina substrate and rolled out so that it is rid of all air pockets. The substrates
are then placed on a hot plate at 90C for ten minutes, also known as “pre-baking”
to ensure that the resist stays in place during UV exposure. The alumina plates are
then placed on the UV exposure stage where they are aligned with the mask
containing the pattern for the Ni microheater. The plates are then exposed to UV
radiation for a period of seven seconds so that the mask pattern is transferred to
the substrates. The plates are then developed in a solution of 300 mLs deionized
water, 5mLs developer solution and 0.5g sodium bicarbonate, which activates the
developer solution. The ceramic plates are developed for 40 seconds to open
windows within the resist for sputter deposition of Ni. When using negative resist,
the resist that is exposed to UV radiation becomes cross-linked, non-polar, and
thus does not dissolve in the polar developer solution. The excess resist is rinsed
off again with deionized water before being exposed for an additional 20 seconds
to ensure a clean pattern for sputter deposition. A final post bake step for 20
minutes at 100C is then completed before the Ni is applied.
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The sensors are transferred to the sputtering machine MRC 822 where at
200W power and 9mTorr Argon gas (99.999% purity) 4.5µm of Ni is deposited
onto the sensors [1]. The sensors are then returned to the Photolithography
Laboratory where liftoff is completed. In this process, underlying photoresist is
removed by agitating the substrates in high purity acetone. After liftoff is
complete, the Ni microheater shown in figure 3.1 remains. The microheaters are
then nitrogen annealed using industrial grade nitrogen gas, in a Mellen tube
furnace at 900C for a period of five hours. This step ensures the best electrical
properties for the microheater by aligning Ni atoms and creating a uniformity
across the different sensors [1]. When fabricating the sensors it should be obvious
that the goal is to replicate them as best as possible including their electrical
properties. The only variables that should remain when testing multiple sensors is
analyte concentration, which is why the annealing step is necessary. It also allows
the sensors to be more durable to the working temperatures since they are initially
exposed to temperatures well above what is required, during the annealing
process.
3.1.2 Passivation Layer Fabrication
The next step in the fabrication of the gas sensors, is the application of the
aluminum oxide passivation layer. This layer is created by first placing the
sensors in the sputtering machine MRC 8671 and sputter depositing 1µm of
aluminum oxide in 9mTorr Argon conditions [1]. Sputter deposition is completed
in two hour increments to prevent pin holes from forming in the film, which could
eventually lead to a short in the electrical components [1]. In addition to a

29

sputtered film, a porous, aluminum oxide cement is doctor-bladed over the
serpentine of the microheater. The aluminum oxide cement has multiple merits for
our sensor in that it helps to protect the underlying Ni microheater while also
providing improved responses to explosive analytes (figure 3.2).

Figure 3.2 Sensor responses to various concentrations of TATP showing the merit of using a
porous alumina cement (blue) versus no cement (red)

The graph shown in figure 3.2 depicts a concentration test, where the sensors are
held at a constant temperature while being exposed to various concentrations. The
amplified signals, which were shown in blue, were the result of the improved
sensor fabrication technique by adding a porous alumina cement over the
serpentine of the Ni microheater. The alumina cement adds additional surface area
to the sensor which allows for greater interaction between explosive vapor
molecules and the catalyst surface and thus eliciting a larger response.
3.1.3 Metal Oxide Nanowire Catalysts
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After forming a porous alumina layer on the sensor, the catalyst was
deposited on the microheater surface. This step is crucial in that the catalyst
decomposes the energetic material and thus provides a sensor response. Catalysts
are chosen based on properties such as melting point and oxidation states. Since
these catalysts will be running at temperatures in the range of 300-400C they
obviously should have melting temperatures above this range. Catalysts are also
selected based on the number of oxidation states. Multiple oxidation states allow
for a transfer of electrons to occur and ultimately the interactions that are desired.
Originally, sputter deposited catalysts were used as the basis for the metal oxide
catalyst, but the most recent improvements have been related to the development
of metal oxide nanowires as catalysts.
Zinc oxide nanowires were grown by the hydrothermal reaction of zinc
metal with ethylene diamine in a multi-step process. High purity zinc (99.9%) is
rinsed with acetone, methanol and water to ensure a pristine surface [2]. The zinc
surface was placed in a teflon crucible and submerged in a 3.5M solution of
ethylene diamine and water [2]. The crucible was placed in an autoclave for 10
hours at 140C to induce the growth of the zinc oxide nanowires [2]. The reaction
is limited to the amount of zinc present on the surface and so once the foil is
covered with nanowires, the reactions seizes to proceed. After the hydrothermal
reaction (eq. 1-3) is completed, the zinc oxide nanowires are then deposited onto
the sensor for use [2].

31

Due to the variety of metal oxide candidates, it was natural to explore
methods in which thin films could be deposited directly on the sensor surface for
the purpose of nanowire growth. This being said, copper oxide nanowires were
explored for their ease in fabrication. A fine 3µm copper film was deposited on
top of the porous alumina cement using a MRC 8667 RF sputtering machine [1].
The sputter conditions included the use of ultra-high purity argon (99.999%) at a
chamber pressure of 9mTorr. This pressure not only ensures an ideal plasma is
achieved, but also so that the mean free path for the copper atoms is larger and
allows them to reach the surface of the work piece. Once the film has been
deposited onto the sensor surface, the sensors remain in the sputtering machine
for 24 hours to ensure a dense film. This allows the film to rid itself of any argon
trapped inside resulting from the sputtering process. The sensors are then removed
from the sputtering machine and placed inside the Mellen tube furnace for
nanowire growth. They are annealed in stagnant air at 400C for a period of five
hours [3]. The sensors can then be used for testing applications.
Additionally, iron possess multiple oxidation states and so iron oxide
nanowires were considered as an attractive candidate for a catalyst. Not only that,
but they can be developed easily on the surface of the sensors in a similar
mechanism to that of the copper oxide nanowires [4]. Again using the MRC 8667
RF sputtering machine, a fine 3µm iron film was developed on the sensor surface
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in 9mTorr Argon pressure [1]. The samples were allowed to sit in the sputtering
machine overnight and then transported to the Mellen furnace. The parameters for
iron oxide nanowires is 400C for one hour of time [4]. These parameters create a
high-density, nanowire film which is ideal for sensing applications as both a
catalyst and catalyst support.
3.2 Dynamic Sensor Testing
Similar to the approach used for pre-concentration, the following test
setup was used to isolate the effects of a metal oxide nanowire catalyst (figure
3.3).

Figure 3.3 Schematic of electronic detection system using dynamic control in conjunction with
nanowire catalyst.

The dynamic protocol utilizes a carrier gas, four Alicat mass flow controllers,
stainless steel piping, two chambers for sample prep, and two sensor holders. The
desired explosive, in this case either TATP, 2, 6-DNT or ammonium nitrate, is
loaded into the “Target” stainless steel chamber while the “Reference chamber” is
left empty. Compressed air is used as a carrier gas to deliver various
concentrations of explosive to the sensors downstream. The two mass flow
controllers upstream are used to vary the concentration of explosive to the
sensors. The concentration is varied by flowing some compressed air through the
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“Target chamber” while the rest through the “Reference chamber”. Depending on
the explosive used and its vapor pressure, a certain amount of explosive is
vaporized and carried by the flowing gas to the active sensor array. This
explosive-rich vapor is then mixed with air from the “Reference source” to create
the desired concentration. The mass flow controllers deliver equal parts of the
explosive-air mixture to both the sensor and dynamic control. As stated
previously, the dynamic control possesses no catalyst and is used to monitor
sensible heat effects.
3.2.1 Testing Techniques using the Dynamic Approach
The thermodynamic detection method relies on the catalytic
decomposition of energetic materials as they adhere to the sensor surface [5]. This
type of reaction is completed at an optimal temperature which is the working
temperature of the sensors and is maintained throughout any testing. In order to
measure the decomposition response, the amount of power required to maintain
the sensor temperature is monitored using a four point probe method [5]. As the
analyte decomposes, it releases an amount of energy, in the form of heat, which
can be monitored by the change in the electrical power of the sensor to maintain
temperature. Thus, a power change in the sensor at a given temperature is used to
determine whether or not an explosive vapor molecule is present.
There are numerous methods used to test the ability of the sensors. These
methods include a SCAR test, a Single-Step test and lastly a Concentration test.
When exploring new sensors or catalysts, it is important to find the temperature
which elicits the greatest response towards analytes. This type of testing is known
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as a SCAR test. During a SCAR test, the temperature is increased in intervals
while being exposed to a single concentration of analyte. This allows the user to
see the temperature that produces the greatest signal response to a given analyte.
Once the response is optimized, we address various concentrations of explosives.
The Single-Step test is used first for a general comparison of signals. It is
the quickest test in that it only requires 15 minutes of response time and
ultimately provides insight as to whether or not the sensor is responding to the
analyte. The test consists of three intervals. During the first interval, compressed
air is delivered to the sensors through the “Reference chamber”. This provides a
baseline signal. After five minutes, the analyte is delivered to the sensors through
the “Target chamber” at 100 SCCM (standard cubic centimeters). This carries
explosive-rich air to the sensors to test for a response. Since decomposition of the
explosive releases energy, that energy is monitored as a power change in terms of
a sensor response. After five minutes of exposure, the air is reintroduced towards
the “Reference chamber” and the sensor response returns to the baseline.
After screening the sensors for functionality, various concentrations of
analyte were passed over the sensors to establish the minimum detection limit.
Sensor temperatures were scanned to establish the optimal working temperature
for the reaction to occur. The data is collected at five minute intervals during
which the reference gas is delivered and then a new concentration of explosive
vapor is introduced. The concentration of the energetic material had been
previously calculated as a function of their vapor pressures, flow rates, and
ambient conditions. The sensors are interfaced to a VM Heater data acquisition
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system that continuously logs 10 data points/sec [5]. After collection, the data is
analyzed i.e. multiple response curves are generated that display the power
changes associated with the sensors as a function of time.
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CHAPTER 4

RESULTS

4.1 Metal Oxide Nanowire Catalysts
Earlier gas sensor research relied on sputtered catalysts to aid in the
decomposition of the explosive molecules and although successful, would not
enable the transition to a MEMS based platform. The transition towards a MEMS
device requires that all components of the solid state device be reduced in size and
the need for a much greater surface area catalyst was apparent. The choice to
fabricate metal oxide nanowires as the catalyst was necessary in order to create a
viable signal while reducing the size of the sensor platform.
4.1.1 Zinc Oxide Nanowires
The hydrothermal reaction of zinc to form zinc oxide nanowires requires
10 hours inside an autoclave (figure 4.1) [1-2].
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Figure 4.1 SEM micrographs depicting the growth of zinc oxide nanowires

Over the first six hours of growth within the autoclave, small globules can be seen
signifying a change in the surface chemistry of the foil. Upon eight hours of
heating, small needle-like structures can be seen and finally, at ten hours, distinct
nanowires can be observed. It is proposed that at the beginning of the
hydrothermal process, the presence of the zinc ions with hydroxyl ions form small
nanoparticles (as soon as the two hour mark in figure 4.1) [1-2]. As a result of the
high pressures and gas-liquid equilibrium within the autoclave, these
nanoparticles are forced to assemble in needle-like structures, forming the
nanowires observed at the ten hour mark. Since there were no longer zinc ions
available once the surface was covered with nanowires, then the reactions no
longer proceed [1-2].
Metal oxide nanowires were a major improvement over the sputter
deposited catalyst in terms of surface area available for analyte interaction (figure
4.2). While the transition to a MEMS based platform is important, an increase in
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surface area of the catalyst represents a major advance in both selectivity and
sensitivity to the existing sensor platform.

Figure 4.2 SEM micrographs comparing the sputter deposited zinc oxide film (left) to the high
surface area zinc oxide nanowire catalyst (right).

Although a sputtered zinc oxide catalyst has shown merit in the past, the asdeposited film is somewhat featureless. However, the zinc oxide nanowires
exhibit features not previously seen in the sputtered catalyst, which add
considerable surface area. This nano-structure is useful for catalyst development
in 2 ways; they can be used as either a stand-alone catalyst or as catalyst support
for other metal oxide catalysts. Thus, the nanowires provide additional surface
area for other sputtered deposited catalyst films so that multiple decomposition
reactions may be optimized (figure 4.3). As a catalyst support, the nanowires are
used solely for the purpose of increasing viable surface area of an additional
catalyst whereas, as a stand-alone, the nanowires are the catalyst of choice for the
decomposition reaction.
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Figure 4.3 Sensor components employing oxide nanowires as a catalyst support; alumina substrate
(A), Ni microheater (B), alumina oxide passivation layer (C), zinc oxide nanowires (D), sputter
deposited catalyst (E)

To incorporate zinc oxide nanowires as a catalyst support, the nanowires were
deposited on top of the porous alumina passivation layer and then an additional
catalyst is sputter deposited onto this surface prior to experimental testing. Since
previous results have shown promise for tin oxide catalyst, a 1.5µm tin oxide
catalyst film was sputter deposited over the zinc oxide nanowire catalyst support.
Multiple Concentrations tests were completed using zinc oxide nanowires
as the catalyst support for tin oxide, and were compared to tests using the
conventional sputtered tin oxide catalyst (without the use of a support) as shown
in figure 4.4.
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Figure 4.4 Response of two sensors with different surface area catalysts; a sputtered tin oxide
catalyst (blue) and a nanowire catalyst support (red) with sputtered tin oxide catalyst, exposed to
2, 6-DNT

By employing the zinc oxide nanowires as a catalyst support, single ppb levels
were achieved for 2, 6-DNT as shown figure 4.3. These were lower detection
limits than seen in previous testing for 2, 6-DNT. Without the use of the zinc
oxide nanowires, the sensor does not provide a reasonable signal since the signal
to noise ratio is too small to decipher a response.
The catalyst support also proved to be beneficial in detecting TATP as
well (figure 4.5). The signals are substantially stronger when the sensor was
fabricated with nanowires as a catalyst support relative to those sensors that were
fabricated using sputtered films alone, as shown in figure 4.5.
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Figure 4.5 Responses of two sensors exposed to TATP; one sensor was fabricated with a nanowire
catalyst support (blue) and the other with a sputtered catalyst (red) only.

At high concentrations, the signal was improved by nearly 100% when using the
zinc oxide nanowires to support the tin oxide as opposed to using only the
sputtered deposited tin oxide catalyst. These results speak volumes towards the
merit of sensor fabrication using metal oxide nanowire catalyst supports. Not only
does it improve sensitivity, but the applications can be tailored to analytes of
interest.
It is clearly evident that the catalyst support has helped lower detection
limits, but to better grasp how much surface area has increased, a quantitative
analysis is warranted. By using figure 4.2 as a reference, quantitative stereology
was used to estimate the surface area of the nanowires. We assumed that the
sputtered catalysts were planar and so the surface area is simply 10000µm2 based
on the length and width in the SEM micrograph.
When calculating the surface area of the zinc oxide nanowires, we need to
be mindful that these wires cover the entire surface and so they have the same
10000µm2 starting point as the sputtered film. In order to calculate the surface
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area, the SEM micrograph in figure 4.2 was divided evenly into 16 individual
squares. The average number of nanowires was calculated per square. The
average number of zinc oxide nanowires per 1/16th square was 22 wires. Using
the embedded software tools in the SEM, the average diameter of a single
nanowire was 4µm and the average height was determined to be 7µm. Assuming
that the nanowires are cylindrical in nature we can use the equation for the surface
area of a cylinder to calculate the surface area of the nanowires.
SA (cylinder) = 2πrh+2πr2
SA (per wire) = 2π(2µm)(7µm)+2π(2µm)2
Third dimensional SA = (112µm2)(22 wires/square)(16 even squares)
Total SA= (40000µm2)(10000µm2)

(1)
(2)
(3)
(4)

By comparison, the zinc oxide nanowires exhibited four orders of magnitude
more surface area than that provide by the sputtered catalyst. The surface area of
the sputtered catalyst was calculated to be 10000µm2 while the nanowires were
calculated to be approximately 400,000,000µm2 of catalyst coverage.
The zinc oxide nanowires were characterized using XRD and XPS to
determine the growth mechanism by which these wires were formed. Initially, it
was hypothesized that the wires grew perpendicular to the surface, growing
outwards from the surface of the zinc foil, but upon further examination, proved
otherwise.
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Figure 4.6 XRD pattern of zinc oxide nanowires formed on the sensor surface

XRD analysis of the zinc oxide catalyst (figure 4.6) was used to determine if any
preferred orientation or texture was associated with nanowire growth. XRD
analysis of the zinc oxide nanowires indicated that the oxide nanowires were
largely crystalline in nature, since the relative intensities of the peaks were very
similar to those from the ZnO JCPDF file [0888] [3]. XRD confirmed that as the
nanowires grew, the aspect ratio became so large that the wires collapsed onto one
another, forming an interconnected network of nanowires that did not yield any
preferred texture. It was hypothesized that initial nanowire growth resulted in a
preferred growth habit prior to collapsing, but this mechanism could not be fully
supported.
XPS was used to confirm the stoichiometry of the zinc oxide nanowires
(figure 4.7).
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Figure 4.7 XPS spectra showing the Zn2p3 zinc oxide peak (red) shifting to lower energy
corresponding to zinc metal after 30 seconds of sputter etching (blue)

The sample was first analyzed immediately after zinc oxide nanowire growth
occurred. This resulted in a binding energy of 1024eV, which is indicative of ZnO
[4]. Upon sputter etching for thirty seconds, an additional analysis showed a shift
towards a lower binding energy of 1023eV, which is indicative of zinc metal [4].
This indicated that the zinc metal exists in the background of the sample and that
the nanowires were completely removed upon 30sec of sputter etching.
4.1.2 Copper Oxide Nanowire Catalyst
In terms of catalyst development, the primary goal was to develop an array
of catalysts that could be tailored for specific analyte vapors. Due to its ease of
fabrication, copper oxide nanowires were considered ideal candidates to enhance
a library of sensor catalysts (figure 4.8). As mentioned previously, the copper
oxide nanowires are grown directly on the active sensing elements of the device.
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Figure 4.8 SEM micrograph of copper oxide nanowires directly grown on the thermodynamic
sensor

By oxidizing the copper formed directly on the sensor surface, not only does it
provide further catalytic coverage, but it also aids in reproducibility of the
sensors. When manufacturing these devices, uniformity is key to ensuring that
each sensor performs as well as the next. It is also important to note that the
oxidation temperature for copper oxide nanowire growth has been optimized at
400C and the resulting morphology is shown in figure 4.8. Upon lowering the
temperature to 340C, the nanowires do not produce the same coverage of the
surface as seen in figure 4.9.
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Figure 4.9 SEM micrograph of copper oxide nanowires thermally grown at 340C for 5hours

Decreasing the oxidation temperature to 340C affected the growth of the
nanowires dramatically. Not only do we see a microstructure that provides less
coverage, but we also expose the underlying copper metal deposited film.
To analyze the growth of the copper oxide nanowires, XRD and XPS was
again used to characterize the material. Similar to that of the zinc oxide
nanowires, the growth of copper oxide nanowires exhibited little or no preferred
growth (figure 4.10).

Figure 4.10 XRD pattern of the copper oxide nanowire catalyst
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The XRD pattern of the copper oxide nanowires indicated that nanowires were
largely crystalline in nature with no preferred orientation. Interestingly enough,
peaks due to background material resulting from the fabrication method are also
shown [3]. These peaks were identified as aluminum oxide and nickel were
attributed to the penetration of the beam into the underlying layers. The XPS
spectra of the copper oxide nanowire catalyst revealed results similar to those of
zinc oxide as shown in figure 4.11.

Figure 4.11 XPS analysis of the copper oxide nanowire catalyst

The copper oxide nanowire catalyst was initially analyzed by XPS and after 30
seconds of sputter etching. During the initial XPS scan, four peaks were
identified, which signify the presence of CuO [4]. After 30 seconds of sputter
etching, however, the Cu2p1 and Cu2p3 peaks shifted to lower energy and the two
peaks at 965eV and 945eV disappeared, confirming that the CuO nanowires were
removed by etching, leaving behind metallic copper from which the nanowires
were grown [4].
4.1.3 Iron Oxide Nanowire Catalyst
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A third catalyst was added to the catalyst library developed for the solidstate sensors. Iron oxide was selected as a catalyst since iron possesses many of
the same characteristics as copper and zinc in that its oxidation state can be
manipulated for a specific reaction. Along those lines, direct fabrication can be
achieved using controlled thermal oxidation, (figure 4.12).

Figure 4.12 SEM micrograph of iron oxide nanowires thermally grown on the serpentine of the
microheater

Complete coverage of iron oxide nanowires over the microheater surface was
achieved and was equivalent to that of the copper oxide coverage, which exhibits
the best behavior to date in terms of sensor performance enhancement. Elevated
oxidizing temperatures were also investigated to see its effect it has on surface
coverage (figure 4.13).
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Figure 4.13 SEM micrograph of iron oxide nanowire grown at 600C

It appears that the nanowires are not as well defined at elevated temperatures and
thus, less than desirable surfaces were obtained when compared to growth at
400C [6]. The mechanism responsible for iron oxide and copper oxide nanowire
growth is attributed to convective heating caused by evaporation and redeposition onto the surface. In this manner, as the oxide particles are re-deposited
onto the sensor surface, they build upon each other causing a nanowire structure
to develop. When the correct temperature is reached, the evaporation and the redeposition rates are optimized and nanowire growth results on the surface.
XRD (figure 4.14) and XPS (figure 4.15) was used to characterize the
crystallinity of the nanowires and resulted in slightly different results when
compared to the zinc oxide nanowires and copper oxide nanowires.
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Figure 4.14 XRD pattern of the thermally grown iron oxide nanowires

The XRD pattern suggests a combination of FeO and Fe2O3 formed on the surface
as a result of thermal oxidation [3]. Contribution from the aluminum oxide
passivation layer is evident in the pattern as well as contribution from FeO [3].
These additional contributions caused a shift in peak intensities and 2θ angles
when the magnetite phase (Fe3O4) of iron oxide is formed, i.e. a mixture of FeO
(rich) salt and Fe2O3 (hematite).
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Figure 4.15 XPS overlay plot of iron oxide nanowires prior to and after sputter etching

A peak shift in the XPS spectrum was observed after sputter etching, confirming
that the iron oxide nanowires were completely removed after 30 seconds of
etching. The XPS spectrum of the iron oxide nanowires is shown in (figure 4.16).

Figure 4.16 XPS analysis of the iron oxide nanowires

The main peak at 712eV in the XPS spectra was much broader than had been
observed in the literature [4]. This coincides with the fact that the XRD pattern
indicated a multi-component system of FeO and Fe2O3 and oxidizes to form
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magnetite. Two peaks were observed in figure 4.16 which indicate the relative
contributions to the peak broadening that was observed. Further testing will be
completed to determine the effects of this mixture of oxides and their response to
various analytes.
4.2 Sensor Design that Targets Explosives
One of the priorities associated with this sensing platform is mitigating
false positives. The only way that this sensor can be sued in a field trial, from a
manufacturing standpoint, is if it can specifically target analytes without false
positives. It has to be able to sense energetic materials passively, in an
uncontrolled environment, and in the presence of other chemicals. Interferences
are used to try to “trick” the sensor and terrorists could use this to their advantage
for attack. This would prevent explosive detection until the bomb is set in place
and makes this type of data invaluable.
In order to demonstrate specificity of the sensor, we intentionally
introduced compounds that are commonly found in cargo containers (figure 4.17),
which show the effect of interference on the sensor performance.

Figure 4.17 Sensor response to TATP in the presence of methyl acrylate
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Sensor responses were measured for TATP in the presence of an adhesive that is
commonly found in cargo containers. Methyl acrylate for example, is one of the
chemicals found in the production of packing tape, which was thought to
potentially mask the analytes from the detector. Not only that, but methyl acrylate
has a much higher vapor pressure than the energetic materials being tested and
thus, would be present at higher concentration in the vapor phase. Based on the
results, the sensor could still detect the TATP in the presence of methyl acrylate.
Response curves were similar those that we have seen in previous exposures and
the power change was also similar in magnitude. Since there is a much higher
concentration of acrylate in the vapor phase than TATP, we would have expected
to see a diminished response to TATP with the acrylate masking the response.
This speaks volumes to how important tailoring the catalyst is for the detection of
energetic materials, and adds to the robust nature of our gas sensor.
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CHAPTER 5

CONCLUSION

5.1 Conclusion
The objective of this research was to improve the selectivity and
sensitivity of the solid-state thermodynamic gas sensor for trace explosive
detection. These improvements would greatly assist with the transition to a
MEMS based platform. One avenue to exploit was to effectively increase the
surface area available for the catalytic decomposition of energetic materials. This
research focused on fabricating catalysts in such a way that they could be useful
for the existing sensor platform and the MEMS platform.
Metal oxide nanowires were then explored as catalysts and catalysts
support to increase signal response without sacrificing sensor real estate. Because
of their ease of fabrication as well as multiple oxidation states, zinc oxide, copper
oxide and iron oxide nanowires were employed as the catalyst for the gas sensors.
Zinc oxide nanowires were hydrothermally grown on pure zinc and deposited
onto sensors as a catalyst support while copper and iron oxide nanowires were
grown directly on the sensing elements via thermal oxidation.
All of the nanowires exhibited complete coverage of the serpentine of the
microheater, which resulted in dramatic increase in signal strength when used to
detect explosives. This improved the minimum detection limit for threat
molecules using this gas detection system (table 5.1).
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Analyte

New Detection Limit

TATP

Previous Detection
Limit
200ppb

2,6-DNT

50ppb

500ppt

100ppb

Table 5.1 Detection limits for threat molecules using the zinc oxide nanowire catalyst
support

XRD and XPS analysis showed some similarities between the various
nanowires in that they were largely crystalline in nature and they tend not to grow
with a preferred orientation. One major difference between the various nanowires
is that the mechanism by which iron oxide nanowires are grown, and produce
multiple oxidation states of iron is provided by a combination of oxides,
supported by XRD and XPS of the various oxides of iron. XPS spectra showed
similar characteristics for each catalyst. A shift in peaks or the disappearance of
secondary peaks were observed and indicated that after 30 seconds of sputter
etching, the nanowires were completely removed from the surface, exposing the
underlying metal.
Lastly, specificity was demonstrated by testing for potential chemicals that
could be used for masking the response towards energetic materials. The
thermodynamic sensor proved to discriminate between other molecules in the
vapor phase, yielding a signal only due to that of TATP. Further investigation into
other potential masking agents will help to prove how valuable this sensor can be
to passively monitor high traffic areas and protect the travelling public.
5.2 Future Work
As research continues, there are some areas, which can be explored further
to improve the gas sensor. With a decrease in detection limits as well as better
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lithographic techniques, a transition towards a MEMS device may be in the very
near future.
5.2.1 Conductometric Sensor Applications
As mentioned previously, the novel aspect of this gas sensor is that it has
built-in orthogonality; i.e. the sensor has a thermodynamic platform along with a
conductometric platform from which these signals lead to a built-in redundancy.
The conductometric response results from changes in the resistivity of the metal
oxide catalyst upon exposure to threat molecules. By using this additional
response, not only will it improve sensitivity, but it will also help to mitigate false
positives in the presence of a false thermodynamic response. Theoretically, by
using metal oxide nanowires, the additional catalytic interactions should result in
a larger change in resistivity to be measured. Further research will be conducted
to see how metal oxide nanowire catalysts affect the resistivity response.
5.2.2 Potential Analytes
The practicality of the thermodynamic sensor allows for many
applications. One application that is gaining headway is that monitoring of
imported goods. Because of the potential size of the gas sensor, it can be used to
closely monitor cargo as it passes through major ports in the U.S. One of the
biggest concerns is preventing drugs from being smuggled into the country. Since
these drugs have a given vapor pressure, there is possibility for decomposition
when adhering to the sensor surface. It would be ideal to test various drugs such
as methamphetamines and other drugs that are highly touted in trades. Testing
would be similar to that of TATP, where the drugs are made in a solution that can
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be applied to filter paper and loaded in the “target chamber” of the dynamic
testing setup. As long as these drugs can cause a power change, then this would
be another application for the robust sensor. Not only that, but other gases such as
ammonia could be tested which helps to build the list of applications for the
device. Ammonia levels are important in agriculture and so there may be a large
market for such a sensor.
5.2.3 Transition towards Environmental Testing
All of the data acquired thus far has been completed in a controlled
laboratory environment to ensure validity of the sensors. In order to move towards
a commercial device, it should be field tested under various humidity and
temperature conditions. With this in mind, we have developed a portable testing
system (figure 5.1).

Figure 5.1 Portable testing system for field applications

The portable system is similar to that of the dynamic control experimental setup
with the addition of a hand held pump. By creating a setup with additional valves
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and a hand held pump, not only can we sample the air for testing but we can
transport it into various climates and adjust the concentration ourselves with the
carrier gas attachment. The setup will again use four mass flow controllers so that
concentrations of analyte may be varied and the entire apparatus would be
interfaced to a laptop running the data acquisition system. Measurements and
stainless steel piping have already been assessed and are ready to be assembled as
soon as the remaining parts arrive. From there, the system will be assembled and
field testing can proceed.
5.2.4 Pre-concentration Improvement
Pre-concentration has been explored as a possibility to decrease minimum
detection limits, by delivering a concentrated burst of analytes to the sensor.
Referring to table 2.1, polystyrene has been the leading candidate for preconcentration and although there has been proven success, these polymers present
some issues. Polystyrene has a high affinity toward nitrogen containing
compounds and has lowered detection limits for analytes such as 2, 6-DNT but
will this translate to other analytes of interest? By using a polymer that only
adsorbs nitrogen containing analytes, the sensor becomes less attractive from a
broad based detection standpoint. Not only that, but because the polymer is
porous in nature, the desorption kinetics become much more complicated and
hence the 58% desorption rate. By increasing this rate, detection limits can be
lowered.
In order to further improve pre-concentration, a new method should be
explored that is being highly touted in the medical field currently. The method is
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called photo-chemotherapy. Chemotherapy drugs are known to be highly reactive
in the body, which is the reason why patients develop side effects such as hair loss
and damage to healthy cells. The latest development in chemotherapy has been
the use of light to activate drugs. The idea is that the drug is attached to some sort
of metal complex causing the drug to be inactive. As the drug moves through the
body, exposure to infrared light, activates the metal complex and releases the
drug. For the patient, this means localized treatment and a reduction in damage to
nearby healthy cells.
This same premise can be used for pre-concentration; but instead of
coating an additional microheater with a polymer, the sensor would be coated
with a light activated metal complex that has a high affinity for energetic
compounds. Periodically, a CO2 laser could be used to activate the complex,
releasing the analytes and delivering them to the active sensor element. There
would be no issue of porosity and adsorption/desorption kinetics. It is known that
the reaction will take place fully upon activation and thus, 100% desorption
would take place. Not only would this improve detection limits, but the complex
may be easy to tailor for specific analytes of interest.
5.2.5 MEMS Device
Great strides have been made in the transition towards a MEMS based
platform that has been greatly influenced by this research. Nanowires have proven
not only to be easily fabricated, but also to lower detection limits for threat
molecules. That being said, future MEMS devices will employ metal oxide
nanowire catalysts (figure 5.2).
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Figure 5.2 Applications for metal oxide nanowire catalysts on MEMS based devices

As one of the final steps in the four-quadrant device, metal oxide nanowires can
be thermally grown to enhance the sensitivity and selectivity of the sensor. It is
theorized that various nanowires can be fabricated onto each of the quadrants to
specifically target different threats. These key improvements along with others
will eventually translate into a more robust, manufactured sensor.
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